The LIM domain only 4 (LMO4) transcription cofactor activates gene expression in neurons and regulates key aspects of network formation, but the mechanisms are poorly understood. Here, we show that LMO4 positively regulates ryanodine receptor type 2 (RyR2) expression, thereby suggesting that LMO4 regulates calcium-induced calcium release (CICR) in central neurons. We found that CICR modulation of the afterhyperpolarization in CA3 neurons from mice carrying a forebrain-specific deletion of LMO4 (LMO4 KO) was severely compromised but could be restored by single-cell overexpression of LMO4. In line with these findings, two-photon calcium imaging experiments showed that the potentiation of RyR-mediated calcium release from internal stores by caffeine was absent in LMO4 KO neurons. The overall facilitatory effect of CICR on glutamate release induced during trains of action potentials was likewise defective in LMO4 KO, confirming that CICR machinery is severely compromised in these neurons. Moreover, the magnitude of CA3-CA1 longterm potentiation was reduced in LMO4 KO mice, a defect that appears to be secondary to an overall reduced glutamate release probability. These cellular phenotypes in LMO4 KO mice were accompanied with deficits in hippocampus-dependent spatial learning as determined by the Morris water maze test. Thus, our results establish LMO4 as a key regulator of CICR in central neurons, providing a mechanism for LMO4 to modulate a wide range of neuronal functions and behavior.
Introduction
Neuronal and synaptic activity can encode and store information in the brain not only through changes in synaptic strength but also by long-lasting control of gene expression. Experience exerts this control in part by modulating the level and/or function of several calcium-dependent regulatory proteins involved in gene regulation (Flavell and Greenberg, 2008) . A number of experimental approaches have been developed to screen for transcription factors regulating gene expression involved in many aspects of neuronal development, including dendritic branching, synapse maturation, and synapse elimination (for review, see Flavell and Greenberg, 2008) . One corollary challenge becomes identifying the genes downstream of these activity-dependent gene regulatory proteins and ultimately to link these genetic programs with defined cellular and behavioral measures.
Using a transactivator trap screen, the LIM domain only 4 (LMO4) protein was identified as a calcium-responsive transactivator (Aizawa et al., 2004 ) that activates gene expression in an activity-dependent manner (Kashani et al., 2006) . LMO4 is a small protein (165 aa) that contains two protein-interacting LIM domains. LMO4 serves not only as a cofactor of many transcription factors (Manetopoulos et al., 2003; Kashani et al., 2006; Schock et al., 2008) , but also interacts with transmembrane receptors to modulate their signaling (Novotny-Diermayr et al., 2005; Bong et al., 2007) . Whether LMO4 couples signals from membrane receptors to changes in gene expression is not known, although we showed that LMO4 is present in the cytoplasm and nucleus, and translocates from the cytoplasm to the nucleus in response to extracellular stimuli (Chen et al., 2007a) .
LMO4 is expressed early during CNS development (Kenny et al., 1998; Chen et al., 2002) . Mice with germline ablation of LMO4 die before birth with exencephaly (Hahm et al., 2004; Tse et al., 2004; Lee et al., 2005) , whereas mice with conditional ablation of LMO4 in the cerebral cortex show defects in thalamocortical connections (Kashani et al., 2006) . However, the cellular processes that might be responsible for this defect are ill defined, in part illustrating the relative paucity of experimental data on the functional roles played by this activity-regulated protein.
Here, following a lead from a microarray screen that identified downregulation of ryanodine receptor 2 (RyR2) in LMO4-null cortical neurons, we characterized the role of LMO4 as a regulator of both RyR2 expression and function. To this end, and to circumvent the lethality of the germline knockout, we generated mice with postnatal ablation of LMO4 by mating LMO4 flox mice with mice expressing Cre-recombinase under the control of a CaMK2␣ minigene (Casanova et al., 2001) . Electrophysiological recordings and calcium imaging showed that the calciuminduced calcium release (CICR) machinery was severely compromised in the hippocampus of CamK2␣Cre/LMO4 flox (LMO4 KO) mice, which directly translated in altered excitability metrics of CA3 pyramidal neurons and synaptic plasticity in the hippocampus. These hippocampal cellular phenotypes were accompanied with learning deficits as determined in the Morris water maze test.
Materials and Methods
Camk2␣Cre/LMO4 flox mice. LMO4 KO and LMO4 flox littermate mice were genotyped and maintained on a CD-1 background as described previously (Schock et al., 2008; Zhou et al., 2012) . CamK2␣Cre/ LMO4 flox mice and age-matched CamK2␣Cre/(LMO4 flox/Ϫ ) (LMO4 Het) or LMO4 flox / flox (WT) controls were used in all experiments. All procedures for animal use were approved by the University of Ottawa Animal Care and Veterinary Service, and were performed according to institutional guidelines and in accordance with those of the Canadian Council on Animal Care.
Cell culture and transfection. F11 cells, a hybridoma between rat E12 dorsal root ganglion neurons and a mouse neuroblastoma line, were maintained as described previously (Chen et al., 2007a,b) . For quantitative RT-PCR, F11 cells were seeded in 6-well plates and transfected 24 h later by using lipofectamine 2000 (Invitrogen) .
RyR2 promoter construct and activity assay. The RyR2 promoter region spanning from Ϫ765 to Ϫ104 (ϩ1 being the putative transcription start site) was amplified by PCR from mouse tail genomic DNA as described previously (Pfeffer et al., 2009 ) using the following primers: forward, 5-TTctcgagCGCATTCAGTGATCG-3; reverse, 5-TTaagcttGACCTCAA GTCCAAGG-3 (lower cases represent XhoI and HindIII liner sequences). The RyR2 XhoI/HindIII fragment was cloned into the pGL4.10-Basic luciferase reporter vector (Promega) and verified by sequencing. For promoter activity assays, 1 g of RyR2 luciferase promoter was cotransfected with 100 ng of CMV-␤-galactosidase reporter in the presence of 400 ng of LMO4 expression vector or LMO4 shRNA into F11 cells in 6-well plates. Appropriate empty vector or scrambled shRNA was used as a control. Cells were harvested 24 h after transfection, and RyR2 promoter-driven luciferase activity was normalized to ␤-galactosidase to control for transfection efficiency, as described previously (Chen et al., 2007b; Gomez-Smith et al., 2010) .
RNA extraction and quantitative RT-PCR. Total mouse hippocampal RNA was extracted and purified from 30 mg samples (wet weight) dissected from 1-month-old mutant and control mice, while F11 cells were lysed 36 h post-transfection using TRIzol Reagent (Invitrogen). RNA was reconstituted in sterile nuclease-free water, and sample concentrations were determined spectrophotometrically at OD of 260 nm. After DNase treatment of 2 g of total RNA (TURBO DNA-free kit, Ambion), deoxyribonucleotide triphosphate and random decamers were used for cDNA synthesis in a 20 l reaction (Applied Biosystems). A 0.1 l sample of the resulting cDNA products was evaluated using real-time PCR. Target genes were amplified and evaluated using the Rotor-Gene 3000 (Corbett Research) and SYBR green detection (DyNAmo SYBR Green qPCR kit, New England Biolabs). PCR cycling conditions were as follows: 10 min at 95°C, and then 40 cycles at 95°C for 10 s, followed by 56°C for 15 s and 72°C for 20 s. Cyclophilin A was used as an endogenous control (housekeeping) gene. Specific ryanodine receptor primer sequences described previously (Chakroborty et al., 2009 ) were as follows: RyR1: forward, 5-TCTTCCCTGCTGGAGACTGT-3; reverse, 5-GTGGAGAAGGCACT TGAGG-3; RyR2: forward, 5-TCAAACCACGAACACATTGAGG-3; reverse, 5-AGGCGGTAAAACATGATGTCAG-3; RyR3: forward, 5-CTGG CCATCATTCAAGGTCT-3; reverse, 5-GTCTCCATGTCTTCCCGT A-3; CycloA: forward, 5-GGCCGATGACGAGCCC-3; reverse, 5-TGTC TTTGGAACTTTGTCTGCAAAT-3; and LMO4: forward, 5-GGACCG CTTTCTGCTCTATG-3; reverse, 5-AGCACCGCTATTCCCAAAT-3. Each sample was evaluated in triplicate. Amplification data were analyzed using the comparative cycle threshold (⌬⌬Ct) method after normalization to cyclophilin A. A two-tailed t test was used to determine statistical significance at p Ͻ 0.05.
In situ hybridization. Tissues were processed for in situ hybridization with digoxigenin-labeled antisense or sense riboprobes, as previously described (Duquette et al., 2010) . For more reliable comparisons of gene expression patterns, wild-type and mutant tissues were processed on the same slides.
Western blot analysis. Hippocampal protein extracts from 1-monthold mice were harvested and prepared for Western blot analysis as described previously (Chen et al., 2007b; Gomez-Smith et al., 2010) . Primary mouse monoclonal antibodies to ryanodine receptor 2 (Affinity Bioreagents) (Stutzmann et al., 2006) and to GAPDH (Abcam) were used.
Electrophysiology. Three-to 5-week-old transgenic mice (CamK2␣Cre/ LMO4 flox ) and littermate controls (LMO4 flox ) were used in all experiments. As previously described (Béïque et al., 2006) , mice were deeply anesthetized with isoflurane in an enclosed chamber and decapitated. The brain was quickly removed and immersed in ice-cold artificial CSF (aCSF) containing the following (in mM): 119 CholineCl, 2.5 KCl, 4.3 MgSO 4 , 1.0 NaH 2 PO 4 , 1.0 CaCl 2 , 11 glucose, and 26.2 NaHCO 3 , continuously bubbled with 95% O 2 and 5% CO 2 , pH 7.4; 300-m-thick coronal slices of the hippocampus were obtained with a vibratome. Brain sections were kept at 34°C for 30 min in oxygenated aCSF with the following composition (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO 4 1.3, 1.0 NaH 2 PO 4 , 2.5 CaCl 2 , 11 glucose, and 26.2 NaHCO 3 , pH 7.4, and then at room temperature until recordings were performed.
Visualized whole-cell recordings were performed using infrared differential interference contrast optics. Slices were placed in a perfusion chamber mounted on a movable stage assembly on a fixed upright microscope (Nikon FN) and perfused with oxygenated aCSF (95% O 2 -5% CO 2 ; 2 ml/min) at room temperature. Recording pipettes (3-5 M⍀) were pulled on a Narishige PC-10 from borosilicate glass capillaries (World Precision Instruments) and were filled with one of two intracellular solution containing the following (in mM): for voltage-clamp experiments: 115 CsMeSO 4 , 2.8 NaCl, 0.4 EGTA, 5 TEA-Cl, 20 HEPES, 3.0 MgATP, 0.5 Na 2 GTP, 10 Na-phosphocreatine, pH adjusted to 7.2 with CsOH; for current-clamp experiments: 115 K-gluconate, 20 KCl, 2 MgCl 2 , 10 HEPES, 10 Na-phosphocreatine, 4 NaATP, and 0.3 NaGTP, pH adjusted to 7.2 with KOH. The GABA A receptor antagonist bicuculline methobromide (20 M) was included unless otherwise indicated. Whole-cell recordings were obtained from CA1 and CA3 pyramidal neurons of the hippocampus. In some experiments, the stimulation bipolar electrode was inserted into the stratum radiatum near the border of CA1 pyramidal layer under visual control to stimulate the Schaffer collateral fibers. Testing stimuli of 0.067 Hz and 10 s duration were adjusted to evoke ϳ50 -100 pA amplitude EPSC [evoked EPSC (eEPSC)]. A Multiclamp 700B amplifier (Molecular Devices) was used for whole-cell recordings, which were analyzed using pClamp 10.0 and OriginPro 8. Recordings were filtered at 3 kHz, digitized at 10 kHz, and stored on a PC. Access resistance was continuously monitored by applying 75 ms, 5 mV hyperpolarizing pulses 250 ms before the eEPSCs, and cells were used for recording only if the access resistance was maintained at Յ10 M⍀. Spontaneous miniature EPSCs (mEPSCs) were acquired at Ϫ70 mV in control ACSF solution supplemented with 1 M TTX. Only events of Ͼ7.5 pA, which corresponds to the event detection limit of the noisiest of the recordings included, were included in the analysis.
Probability of release was estimated by analyzing the variance of EPSC amplitudes (Malinow and Tsien, 1990; Martín and Buño, 2003) . We estimated the effects of caffeine on release probability by plotting (mean squared/variance caffeine)/(mean squared/variance baseline) against (peak amplitude caffeine/peak amplitude baseline) and computed linear fits (Bekkers and Stevens, 1990; Faber and Korn, 1991; Manabe et al., 1993; Martín and Buño, 2003) .
Organotypic slice culture. Hippocampal slice cultures were prepared from 6-to 8-d-old mice as described previously (Stoppini et al., 1991; Béïque and Andrade, 2003; Béïque et al., 2007) . Biolistic transfections were conducted 3-6 d later with the Helios Gene Gun (Bio-Rad), using 1.0 m gold particles coated with DNA. Gold particles were coated with two cDNAs: dsRed and LMO4-EGFP. We have previously shown that neurons that are effectively transfected express both plasmids in Ͼ90% of cases (Béïque and Andrade, 2003) .
Two-photon calcium imaging. Simultaneous electrophysiological and optical recordings were performed from CA3 pyramidal cells using conditions similar to those described above in the Electrophysiology section (for current-clamp recordings), except that the intracellular pipette solution was supplemented with Alexa Fluor 594 (30 M; to outline morphology) and with the calcium indicator Fluo-4FF (200 M). We initially favored this low-affinity (and low-capacity) dye to avoid dye saturation following trains of action potentials in conditions of enhanced CICR. The imaging was obtained on an Olympus FV 1000 with a 40ϫ/0.8 NA objective, and excitation was obtained with a Mai Tai Deep See Ti:Sapphire laser (Spectra-Physics) tuned at 810 nm. Analysis was performed off-line using ImageJ. ⌬F/F 0 values were calculated by averaging fluorescence intensities in two or three selected ROIs, located on the soma but excluding the nucleus, and were expressed as follows: ⌬F/F 0 ϭ (F Ϫ F baseline )/(F baseline Ϫ F background ). Image acquisition was on neuronal soma and no particular efforts were devoted to adjust acquisition to focal planes encompassing proximal dendrites.
Morris water maze test. The Morris water maze test was performed in the Faculty of Medicine Behavior Core Laboratory at the University of Ottawa. All testing was performed between 08:00 and 12:00 A.M., and animals received 1 h of habituation to the testing room daily. Each mouse was handled for 3-4 d before training. Mice 7-8 weeks old were trained for 9 d (four trials per day, intertrial interval of 1 h, random start location in one of four positions) to find a submerged platform at a fixed position. Distal cues in the testing room, such as patterned cardboard on a white wall, were provided as spatial references. Each trial lasted 1 min or until the mouse found the platform, and mice remained on the platform for 15 s before being removed to the home cage. If the mice did not find the platform within 1 min, on training the mice were guided to the platform by the experimenter. Latency to reach the platform, distance traveled to reach the platform, swim speed, and percentage of time in each quadrant were measured using Ethovision automated video tracking software from Noldus. On day 10, the platform was removed from the pole, the probe trial (trial length 1 min) was administered, and percentage of time spent in the target quadrant and numbers of platform crossings were measured using Noldus system. Statistical analysis. All data are presented as means Ϯ SEM. N refers to the number of cells for voltage-clamp or current-clamp, and in all other outcomes refers to the number of mice. Differences between treatments were analyzed using Student's t test for paired data or one-way repeatedmeasures ANOVA followed by Bonferroni's post hoc test for comparisons. For water maze data, a two-way (genotype sex) ANOVA was completed followed by Bonferroni's post hoc test. Significance was accepted if p Ͻ 0.05.
Results

LMO4 modulates ryanodine receptor 2 expression in neurons
To begin examining the role of LMO4 in neuronal function, we first sought to screen for genes whose expression levels are modulated by ablation of LMO4. To this end, we performed a nonbiased, high-throughput microarray analysis. Total RNA was isolated from 2-week-old primary cultured cortical neurons derived from LMO4 germlineablated (Chen et al., 2007b) and littermate control embryos, amplified, and hybridized to oligonucleotide microarrays to identify differentially expressed transcripts. Although the expression of several genes was altered in neurons with LMO4 ablated (data not shown), we were intrigued by the robust decrease (ϳ40%) in the expression of the RyR2 (p Ͻ 0.05). This effect showed some specificity since the expression of RyR1 and RyR3 was not significantly different between WT and LMO4 KO (data not shown).
Because germline ablation of LMO4 causes embryonic lethality, we generated a conditional LMO4 KO mouse line for functional studies of LMO4 in the CNS. In situ hybridization and quantitative RT-PCR LMO4 expression in the hippocampus confirmed effective gene deletion in the mice after the first postnatal month ( Fig. 1 A, B) . Direct quantitative PCR (qPCR) showed that the mRNA level of RyR2, but not of RyR1 or RyR3, was significantly decreased in the brain of LMO4 KO (Fig. 2 A) compared with littermate control mice, thereby confirming the microarray finding obtained in germline KO mice. This finding was further confirmed by Western blot analysis (Fig. 2 B) , which revealed reduced RyR2 protein levels in hippocampal protein extracts of LMO4 KO mice compared with littermate controls.
To further examine the role of LMO4 in modulating the expression of RyR2, we determined the effects of direct manipulations of LMO4 expression by transient transfection in F11 neuronal cells on the level of RyR2 mRNA. First, we found that overexpression of LMO4 (approximately ninefold) ( Fig. 2C ) did not elevate RyR2 mRNA levels, as determined by quantitative PCR (Fig. 2 D) . However, knockdown of endogenous LMO4 expression with shRNA ( Fig. 2C ) robustly reduced RyR2 mRNA levels in these cells (Fig. 2 D) . To further investigate the modulation of RyR2 by LMO4, we next determined whether LMO4 regulated the activity of an RyR2 promoter fragment driving luciferase expression by transient transfection in F11 cells. Overexpression of LMO4 led to only a modest increase in promoter activity, although knockdown of LMO4 with shRNA markedly reduced the RyR2 promoter activity (Fig. 2 E) . Together, these results show that LMO4 regulates RyR2 expression.
CICR contribution to the AHP is abolished in LMO4 KO
RyRs are calcium-gated calcium channels that control the release of calcium from internal stores and as such contribute to CICR (Iino, 1989; Peng, 1996; Fill and Copello, 2002) . The involvement of LMO4 in regulating mRNA and protein expression of RyR2 suggests that LMO4 may be a key and central modulator of CICR in central neurons. To test this hypothesis, we compared several cellular processes known to be directly influenced by CICR in wild-type and LMO4 KO neurons. Pyramidal cells of the hippocampus exhibit large afterhyperpolarizations (AHPs) following action potential discharges (Alger and Nicoll, 1980; Hotson and Prince, 1980; Schwartzkroin and Stafstrom, 1980) . These AHPs are mediated by calcium-activated potassium channels and contribute to spike frequency adaptation, a hallmark of this cell type. Although the calcium gating of these potassium conductances originates in large part from membrane voltage-gated calcium channels (Sah, 1996; Marrion and Tavalin, 1998; Pineda et al., 1998 Pineda et al., , 1999 , CICR contributes a significant portion of the calcium responsible for the generation of the AHP (Kuba et al., 1983; Sah and McLachlan, 1991; Sah, 1996; Torres et al., 1996; Pineda et al., 1999; Akita and Kuba, 2000) . We therefore reasoned that the AHP could serve as a reliable proxy to probe the function of CICR in wild-type and LMO4 KO neurons.
We performed whole-cell electrophysiological recordings from CA3 pyramidal neurons of the hippocampus in current-clamp mode. A brief current injection of increasing amplitude (500 ms, 50 -400 pA) induced reliable action potential firing that was followed, upon cessation of the depolarizing current, by an AHP (Fig.  3) . As shown in Figure 3 , the amplitude of the AHP was dependent on the number of action potentials fired during the depolarizing step. Interestingly, the amplitude of the AHP was significantly smaller in CA3 neurons from LMO4 KO compared with WT mice (Fig. 3A,B) . This is unlikely to result from differences in passive membrane properties since input resistance was indistinguishable between WT and KO neurons [WT: 109.7 Ϯ 5.7 M⍀ (n ϭ 25); KO: 107.9 Ϯ 6.9 M⍀ (n ϭ 24; p ϭ 0.751)]. To determine whether compromised machinery of CICR in LMO4 KO neurons might be responsible for this effect, we analyzed the behavior of the AHP following manipulations of CICR. Blocking CICR with ryanodine (100 M; Ͼ1 h treatment) significantly reduced the amplitude of the AHP in WT CA3 neurons (Fig. 3A1,A2 ), suggesting that, in keeping with previous reports (Kuba et al., 1983; Sah and McLachlan, 1991; Sah, 1996; Torres et al., 1996; Pineda et al., 1999; Akita and Kuba, 2000) , internal stores contribute a significant portion of the calcium responsible for triggering the AHP in neurons. Interestingly, the same treatment of ryanodine to slices derived from LMO4 KO animals failed to reduce the amplitude of the AHP (compared with nontreated control sister slices) (Fig. 3B,C) . Because the amplitude of the AHP in KO slices closely matches that observed in WT slices treated with ryanodine, these results suggest that the reduction of the AHP seen in LMO4 KO reflects compromised CICR machinery in these cells.
To further test this idea, we next tested the effect on the AHP of facilitating the CICR process by caffeine. As previously reported in CA1 neurons (Torres et al., 1996) , we found that the acute administration of caffeine (10 mM) significantly enhanced the amplitude of the AHP in wild-type CA3 neurons (Fig. 3D1,D2 ,E,F). In addition to enhancing CICR, caffeine also blocks adenosine receptors and phosphodiesterase. However, these nonspecific actions likely do not contribute to the effect reported here on the AHP since adenosine antagonists has no effect on the AHP (Torres et al., 1996) and phosphodiesterase inhibitors reduce, rather than increase, the AHP (Madison and Nicoll, 1986; Andrade and Nicoll, 1987) . Interestingly, we found that the same treatment of caffeine was devoid of any effect on the AHP of CA3 neurons from LMO4 KO slices (Fig.  3D1,D2 ,E,F). Together, these results attest to the presence of compromised CICR in LMO4 KO neurons.
We next determined whether the AHP observed in CA1 pyramidal neurons (Madison and Nicoll, 1984) was also reduced in LMO4 KO slices. Intriguingly, we found that the amplitude of the AHP in CA1 cells was of similar amplitude in WT and LMO4 KO animals ( p ϭ 0.368; data not shown). The reasons underlying this cellular subtype specificity are unclear at present. It may reflect, in principle, the differential contribution of KCNQ channel subtypes to the AHP in these two subregions of the hippocampus (Tzingounis et al., 2010) or simply stem from the lower density of LMO4 levels in CA1 than in CA3 neurons (Fig. 1 A) . Regardless of these possibilities, our analysis of the contribution of CICR to the generation of the AHP in hippocampal CA3 pyramidal neurons shows that the CICR machinery is severely compromised in LMO4 KO neurons. These effects are fully consistent with the robust reduction of RyR2 in LMO4 knock-out animals.
Rescue of AHP with LMO4 overexpression in LMO4 KO slices
We next sought to determine whether restoring the expression of LMO4 in LMO4 KO neurons would rescue the AHP deficit. To this end, we prepared organotypic slices from WT and LMO4 KO neurons. Whole-cell recordings from CA3 neurons in this preparation revealed that these neurons expressed an AHP in response to trains of action potentials, although it was somewhat smaller than that recorded in acute slices. Nevertheless, we observed that the amplitude of the AHP was significantly smaller in slices prepared from LMO4 KO, compared with WT (Fig. 4) , thereby recapitulating in organotypic slices the overall phenotype observed in acute slices. We then overexpressed LMO4 (along with dsRed) by means of biolistic transfection. Wholecell recordings from fluorescently labeled transfected CA3 neurons 24 -48 h following transfection revealed that expression of LMO4 restored AHP in LMO4 neurons to a similar level as seen in WT neurons (Fig. 4) , whereas KO cells transfected with dsRed alone showed no effect (data not shown). Together, these results show that the deficit of the AHP observed in LMO4 KO is rescued by single-cell overexpression of LMO4 and implies that this deficit reflects cell-autonomous mechanisms and does not reflect a broader anomaly in the KO.
Caffeine facilitation of CICR during a train of action potentials is abolished in LMO4 KO slices
Our results thus far show that the changes in the behavior of the AHP in CA3 pyramidal neurons induced by acute pharmacological challenges to CICR machinery are abolished in LMO4 KO slices. The most straightforward interpretation of these results is that the RyR2-mediated calcium release induced by trains of action potentials is reduced in LMO4 KO. To further support this interpretation, we performed multiphoton calcium imaging experiments from CA3 neurons in WT and LMO4 KO slices. In current-clamp mode, action potential firing induced by direct current injection was accompanied by robust increases in intracellular calcium concentration (Fig. 5) . This rise in intracellular calcium, and the amplitude of the AHP recorded from these same cells, was well correlated with the number of action potentials elicited during current injection (Fig. 5B-D) . In WT neurons, bath administration of caffeine (10 mM; 10 -15 min) led to an increase in the amplitude of the AHP, in keeping with our previous observations in acute slices (Fig. 3) , along with a robust enhancement of intracellular calcium triggered by trains of action potentials (Fig. 5) . Remarkably, the potentiating effect of caffeine on both the AHP and intracellular calcium was abolished in CA3 neurons from LMO4 KO slices. Together, these results support the notion that CICR is severely compromised in LMO4 KO.
CICR-mediated facilitation of glutamatergic transmission in CA1 is impaired in LMO4 KO mice
Despite some controversies (Carter et al., 2002) , a number of studies have shown that, at least under certain conditions, cal- A2, Enlarged traces of the AHP in A1 in control and in ryanodine-treated slices. Calibration: 2 mV, 250 ms. B, the amplitude of the AHP is expressed as a function of the spike number. C, A bar graph comparing the amplitudes of the AHP (WT, n ϭ 9; LMO4, n ϭ 9). Ryanodine significantly reduced the AHP in WT neurons (WT Ryϩ, n ϭ 11) but had no effect on LMO4 KO neurons (KO Ryϩ, n ϭ 12). *p Ͻ 0.05. D1, Superimposed traces of the AHP in control conditions, following caffeine administration and recovery from WT and LMO4 KO CA3 neurons. Calibration: 30 mV, 500 ms. D2, Enlarged traces of the AHP in D1 under control and caffeine treatment are combined. Calibration: 2 mV, 250 ms. E, The amplitude of the AHP is plotted as a function of the number of action potentials. F, Bar graph comparing the amplitudes of the AHP. Littermate control neurons (WT cafϪ, n ϭ 7) had larger AHP compared with LMO4 KO neurons (KO cafϪ, n ϭ 10). Caffeine significantly increased the AHP in littermate control (WT cafϩ, n ϭ 7) but had little effect in LMO4 KO neurons (KO cafϩ, n ϭ 10). *p Ͻ 0.05. Mice age: 4 -5 weeks.
cium from CICR contributes to neurotransmitter release (Peng, 1996; Llano et al., 2000; Emptage et al., 2001; Zhang et al., 2009 ). These studies prompted us to examine several determinants of glutamatergic synaptic transmission in LMO4 KO. As a first-pass test, we recorded AMPARmediated mEPSCs from CA1 pyramidal neurons whose main glutamatergic input originates from the CA3 region. Interestingly, we found that the frequency of mEPSCs was robustly reduced in LMO4 KO mice compared with littermate controls (Fig. 6A) , whereas there was no difference in the amplitude of mEPSCs. Provisionally, we interpreted these results as indicating lower glutamate release probability in LMO4 KO mice.
We next determined release probability using a more direct experimental approach by comparing the rate of blockade of NMDAR-mediated currents by the irreversible and use-dependent NMDAR blocker MK-801. This method is a reliable and widely used approach to evaluate release probability (Hessler et al., 1993; Rosenmund et al., 1993) . As expected, bath administration of MK-801 (30 M, during AMPAR blockade) induced a use-dependent, progressive block of NMDAR-mediated eEPSCs that could be fitted by a single exponential (Fig. 6B) . We found that the rate of decline of NMDARmediated eEPSCs induced by MK-801 was close to twofold slower in LMO4 KO mice compared with WT littermate controls ( ϭ 44.97 vs 24.69) (Fig.  6B) , indicating a marked decrease in glutamatergic release probability in LMO4 KO mice. As a last test to monitor release probability, we next performed paired-pulse ratio analysis (Dobrunz and Stevens, 1997) . As expected for CA1 recordings, we found paired-pulse facilitation (PPF) of AMPAR-mediated eEPSCs in WT slices. Somewhat unexpectedly, we failed to observe any significant change in PPF in LMO4 KO slices (Fig. 6C ). As such, our assessment of release probability in LMO4 KO yielding different approaches provides ambiguous results. Because the contribution of CICR to basal release probability is somewhat controversial, we did not further attempt to resolve this discrepancy. However, we did ask whether acutely increasing CICR by an acute caffeine treatment would enhance release probability, thereby providing another index to monitor CICR in LMO4 KO. As previously observed (Martín and Buño, 2003) , bath administration of caffeine significantly enhanced the release probability of glutamate onto WT CA1 neurons, as inferred by both paired-pulse ratio analysis (Fig. 6D1) and coefficient of variation analysis (Fig. 6D2) . Caffeine, however, did not modulate release probability in LMO4 KO (Fig. 6D) . Altogether, these results indicate that the effectiveness of a pharmacological activation of RyRmediated CICR was abolished in LMO4 KO slices.
CICR-mediated facilitation of glutamatergic transmission during trains of action potentials in CA1 is impaired in LMO4 KO mice
The contribution of CICR to synaptic release elicited by prolonged trains of action potentials has been well demonstrated (Zhang et al., 2009) . We therefore investigated synaptic responses in CA1 to repetitive stimuli of increasing frequency in WT and LMO4 KO mice (Fig. 7A) . As expected, low-frequency stimulation (1 Hz; 10 pulses) induced eEPSCs that showed neither facilitation nor depression in either littermate control or LMO4 KO neurons. At 10 Hz, eEPSCs exhibited facilitation in both WT and LMO4 KO mice. Interestingly, a robust reduction in the synaptic facilitation induced by a 20 Hz stimulation became manifest in LMO4 KO neurons, and this impairment was also present at the highest frequency tested (50 Hz). That altered calciumdependent signaling was involved in this compromised synaptic facilitation in LMO4 KO animals was suggested by the rescue of this defect by increasing extracellular concentrations of calcium (to 5 and 7.5 mM) (Fig. 7B) .
We reasoned that the altered behavior in short-term plasticity outlined above in LMO4 KO slices could reflect the putative generalized impairment of CICR in these mice. We analyzed this short-term plasticity following depletion of intracellular calcium stores by treating slices with thapsigargin (Treiman et al., 1998) . In keeping with a previous report (Zhang et al., 2009) , we found that a significant proportion of the facilitation of eEPSC by highfrequency trains was blocked by thapsigargin treatment in WT slices (Fig. 7C) . Interestingly, thapsigargin had no effect on the behavior of trains of eEPSCs elicited in LMO4 KO slices. Similarly, treatment with ryanodine, at a concentration that blocks RyRs and prevents CICR, also suppressed synaptic facilitation at 20 Hz in WT neurons but had no effect in LMO4 KO neurons (Fig. 7D) . Because the CICR-independent portion of facilitation observed in WT mice closely matched that observed in LMO4 KO, collectively, these results strongly support the notion that CICR contributes to the maintenance of facilitation during prolonged trains and that this process is severely compromised in LMO4 KO.
Hippocampal long-term potentiation is impaired in LMO4 KO mice
Having determined the effects of LMO4 deletion on short-term plasticity, we next asked whether ablation of LMO4 was accompanied with deficits of long-term potentiation (LTP). To address this possibility, we obtained whole-cell recordings from CA1 pyramidal neurons and applied a standard pairing LTP protocol (i.e., 100 pulses delivered at 1 Hz while holding the cell at 0 mV). This protocol induced a robust LTP in WT slices. Interestingly, the magnitude of the potentiation was markedly reduced in slices from littermate LMO4 KO mice (Fig. 8 A) . Although a plethora of mechanisms could in principle account for this defect in LTP, we wondered whether the reduction in release probability in LMO4 KO could underlie this defect simply by reducing the number of successful synaptic release events during the LTP-inducing protocol. To address this possibility, we reasoned that increasing the number of pulses during the LTP protocol would rescue the defect in LTP if it stemmed solely from a presynaptic release probability deficiency. We therefore repeated the experiments using a higher stimulus number during the protocol. However, these experiments were soon complicated by the fact that the magnitude of the LTP in these conditions was so strong that it elicited in several recordings the appearance of unclamped action potentials despite efforts to begin the recordings with small baseline eEPSCs (ϳ20 -50 pA; data not shown). We thus repeated the entire series of LTP experiments with the intracellular recording solution supplemented with the cellimpermeant sodium channel blocker QX-314. Using a 100-pulse LTP protocol, inclusion of QX-314 did not induce any phenotypic changes since the magnitude of LTP was still severely compromised in Figure 6 . Release probability in LMO4 KO mice. A1, Current traces showing mEPSCs from WT and KO CA1 pyramidal neurons. Calibration: 10 pA, 2 s. Top: P16; middle: P22; bottom: P27. A2, A3, The frequency (A2) and amplitude (A3) of mEPSCs were binned according to the age of the animals. n ϭ 7, WT; n ϭ 9, KO at P16 -P21; n ϭ 23, WT; n ϭ 27, KO at P22-P27. *p Ͻ 0.05. B1, The first, 20th, and 80th NMDAR-mediated EPSC current traces in the presence of the irreversible NMDAR inhibitor MK-801 are shown for a WT (left) and KO (right) CA1 neuron. Calibration: 50 pA, 50 ms. The progressive block of NMDAR-mediated EPSCs is plotted as a function of the pulse number and could be fitted by a monoexponential decay. B2, The decay constant was significantly increased in KO (44.97 ms; n ϭ 7) compared with littermate control neurons (24.69 ms; n ϭ 9; p Ͻ 0.01, unpaired Student's t test). C1, Current traces depicting AMPAR-mediated eEPSCs induced by paired pulses delivered at different interstimulus intervals (ISIs) obtained from a WT and a KO neuron are shown. Calibration: 50 pA, 50 ms. C2, The average ratios (P2/P1) of AMPAR-mediated eEPSCs obtained with different ISIs in WT mice (n ϭ 13, P16 -P21; n ϭ 13, P22-P27) were not significantly different at each age group from those obtained in LMO4 KO mice (n ϭ 12, P16 -P21; n ϭ 16, P22-P27). D1, Dot plots showing the average ratios (P2/P1) of AMPAR-mediated eEPSCs at 50 ms ISI before and after caffeine (10 mM) treatment. Caffeine significantly reduced the 4 P2/P1 in WT (n ϭ 10) but had little effect in LMO4 KO neurons (KO, n ϭ 8). *p Ͻ 0.05. D2, Dot plots summarizing coefficient of variation analyses for the effects of caffeine (10 mM) on eE-PSC in brain slices.
LMO4 KO slices (Fig. 8, compare B1, A) . However, this defect was no longer present when 300 and 600 pulses (at 1 Hz) were applied during the LTP induction protocol (Fig. 8 B2,B3) . Altogether, these results are consistent with the observation that glutamate release probability is lower in LMO4 KO slices and suggest that this defect translates in a shift in the induction rules of LTP in the hippocampus.
LMO4 KO mice exhibit spatial learning and memory deficits in a Morris water maze test
To determine whether the overall changes in release probability in the LMO4 KO animals were associated with a defect in a hippocampus-dependent spatial learning task we conducted a Morris water maze test. During 9 d of training, the escape latency (the time taken to get to a hidden platform) was significantly (1, 10, 20 , and 50 Hz;nϭ11 for both WT and KO). External calcium concentrationϭ2.5 mM. Calibration: for 1 Hz: 50 pA, 1 s; for 10 Hz: 50 pA, 100 ms; for 20 and 50 Hz: 100 pA, 50 ms. B, Percent change of EPSCs elicited by the 10th stimulus normalized to the response to the first stimulus at indicated external calcium concentrations. The synaptic facilitation deficits in KO neurons were compensated by elevating external calcium concentration. n ϭ 11 for each genotype at each calcium concentration. *p Ͻ 0.05. C, The effects of thapsigargin and ryanodine treatments on synaptic facilitation werecomparedinWT(left)andLMO4KOslices(right).ThecontroltrainsarereplottedherefromAforclarity.AlldatapointsarepresentedasmeanϮSEM.nϭ11forgroupsexceptnϭ6forryanodine-treated KO group.
longer for LMO4 KO mice compared with their littermate controls, indicating a spatial learning deficit (Fig. 9A ). In agreement with this interpretation, during the probe trial the LMO4 KO mice also spent less time in the back right quadrant where the escape hidden platform had been located during training (Fig.  9B) . On the day of the probe test, LMO4 KO mice also took three times longer than littermate controls to first cross over where the hidden platform was previously located during training (Fig. 9C ). This deficit is unlikely to reflect a generalized alteration in motor function since WT and KO mice displayed indistinguishable swimming speeds (Fig. 9D) . These results suggest that spatial learning and memory are impaired in LMO4 KO mice.
Discussion
In this study, we show that LMO4 is an important regulator of the molecular machinery controlling CICR in central neurons. First, we found that ablating LMO4 in neurons is associated with reduced RyR2 mRNA and protein expression. This reduction likely reflects a direct transcriptional function for LMO4 since we found that it positively regulates the RyR2 promoter in a luciferase assay. We next sought to functionally assess the role of LMO4 in controlling CICR in central neurons by monitoring in a forebrain-specific LMO4 KO a number of electrophysiological responses known to be modulated by CICR. We found that the CICR modulation of the AHP in hippocampus CA3 neurons was severely reduced in LMO4 KO and that this deficit likely reflected compromised release of calcium from internal stores, as determined in multiphoton calcium imaging experiments. Furthermore, the CICR-mediated modulation of glutamate release probability onto CA1 pyramidal neurons was abolished in recordings from LMO4 KO slices. These changes were accompanied with impaired hippocampal LTP and hippocampaldependent behavioral tasks. Together, these results identify a key role of LMO4 in controlling central synapse and neuronal function, and that disruption of these functions results in important behavioral deficits.
The role of LMO4 in neuronal function is only beginning to be explored. A previous study described a key role of LMO4 in the patterning of thalamocortical connections, a function that was ascribed to its transcriptional role (Kashani et al., 2006) . However, how this occurs is unclear, in part emphasizing our fragmentary understanding of the cellular roles played by this protein. To begin addressing this limitation, we performed a nonbiased, high-throughput screen to identify potential targets modulated by LMO4. This effort led us to the identification of RyR2 as a gene whose level of expression depends upon LMO4. Although direct DNA binding has not been demonstrated for LMO4, this protein interacts with the transcription factor CREB Figure 8 . Impaired LTP in the CA1 neurons in LMO4 KO mice. A, Current traces of AMPARmediated eEPSCs from CA1 neurons at baseline and after LTP were induced by a pairing protocol (100 pulses delivered at 1 Hz at 0 mV). The magnitude of LTP was significantly reduced in LMO4 KO mice. n ϭ 10, WT; n ϭ 6, Het; n ϭ 9, KO. Calibration: 100 pA, 50 ms. B, The effects of increasing the number of pulses delivered during the pairing protocol (i.e., 100, 300, and 600 pulses while holding the cell at 0 mV) were compared in WT and LMO4 KO slices. In B, the intracellular recording solution was supplemented with QX-314. In these conditions, the magnitude of LTP was significantly reduced in LMO4 KO mice following the 100 pulse LTP induction regimen (B1; n ϭ 8, WT; n ϭ 7, KO; calibration: 100 pA, 50 ms), but not following the 300 (B2; n ϭ 6, WT; n ϭ 4, KO; calibration: 100 pA, 50 ms) and 600 (B3; n ϭ 11, WT; n ϭ 11, KO; calibration: 100 pA, 50 ms) pulse regimens. to regulate gene expression in response to synaptic activity and calcium influx through both L-type voltage-sensitive calcium channels and NMDA receptors (Kashani et al., 2006) . CREB is known to activate the RyR2 promoter (Ziviani et al., 2011) , and LMO4 may work through CREB to regulate the expression of RyR2. Thus, LMO4 is strategically positioned to tune the gain of CICR, a biologically powerful mechanism that modulates neuronal function, in a manner dependent on overall neuronal excitability.
Because it is well established that a significant portion of the calcium that triggers AHP originates from internal stores (Kuba et al., 1983; Sah and McLachlan, 1991; Sah, 1996; Torres et al., 1996; Pineda et al., 1999; Akita and Kuba, 2000) , we reasoned that studying the behavior of the AHP in response to manipulations aimed either at increasing or blocking CICR would provide a valid approach to probe the CICR machinery in LMO4 KO. That the amplitude of the AHP in CA3 pyramidal neurons from LMO4 KO was smaller than littermate controls provided an indication that LMO4 might regulate CICR. This idea was further confirmed by the following observations: (1) that blocking CICR had no effect on the amplitude of the AHP in LMO4 KO neurons, while this same manipulation significantly reduced that in WT neurons and; (2) that the ability of caffeine to increase the AHP was severely curtailed in LMO4 KO neurons. Importantly, multiphoton calcium imaging experiments confirmed that the caffeine-induced potentiation of calcium release from internal stores during a train of action potentials was abolished in LMO4 KO slices. As such, these findings strongly argue that the CICR machinery is compromised in LMO4 KO mice and that this reduction likely stems from the reduced levels of RyR2.
There is mounting evidence suggesting that calcium from CICR is a powerful modulator of neurotransmitter release, at least under some conditions (Peng, 1996; Llano et al., 2000; Emptage et al., 2001; Zhang et al., 2009 ). These studies therefore prompted us to examine several determinants of synaptic release in LMO4 KO slices. As a first step, we assessed basal glutamate release probability in WT and KO slices. Intriguingly, the different, but complimentary, approaches used to estimate glutamate release probability yielded inconsistent outcomes. Indeed, whereas the frequency of mEPSCs and the rate of block of NMDAR-mediated current by the use-dependent blocker MK-801 both concurred in indicating that release probability was lower in CA1 synapses of LMO4 KO compared with WT slices, the paired-pulse ratio of eEPSCs was indistinguishable between WT and KO slices. The reasons underlying this discrepancy are unclear at present. Of relevance here, we failed to observe any changes in paired-pulse ratio in CA1 neurons following blockade of CICR (Fig. 7) , in keeping with a previous study (Carter et al., 2002) . Although the contributing role of CICR to setting basal release probability during low-frequency neurotransmission may be considered to be equivocal (Carter et al., 2002) , it is clear that acute pharmacological challenges that enhance calcium release from internal stores can lead to a marked enhancement of release probability (Martín and Buño, 2003) (Fig. 6 D) . That this effect is severely abolished in LMO4 KO slices, regardless of the inconsistencies between the different experimental methods used to probe basal release probability, provides yet another line of evidence supporting the role of LMO4 as a key modulator of CICR.
As a means to provide alternative evidence supporting the role of LMO4 in controlling CICR, we reasoned that the recently described ability of CICR to modulate the facilitation of glutamate release induced by a burst of action potentials (Zhang et al., 2009) would provide a reliable index to further assess CICR function in LMO4 KO slices. As expected, a train of 10 pulses induced a robustly facilitating postsynaptic response when applied at frequencies of Ͼ10 Hz. Manipulations that altered CICR revealed that calcium from internal stores significantly contributed to maintain this synaptic facilitation during trains of action potentials (i.e., the CICR contribution begins to be apparent after the third to fourth stimulus of a high-stimulus train). In our hands, the maximal (and likely saturating) synaptic facilitation induced by high-frequency bursts was attained during the 20 Hz stimulation regimen, since a 50 Hz stimulation did not further facilitate the postsynaptic response (i.e., an approximately threefold potentiation). Altogether, we have recapitulated the findings of Zhang et al. (2009) , which showed that CICR robustly and dynamically modulate release probability, in part in contributing to the maintenance of release fidelity during trains of action potentials.
Having established in our hands short-term plasticity regimens that are robustly modulated by CICR processes, we then analyzed the behavior of these trains in LMO4 KO slices. In keeping with the putative role of LMO4 in modulating CICR, the magnitude of the facilitation induced by high-frequency trains in slices from LMO4 KO CA1 neurons was markedly smaller than that observed in WT slices and, importantly, closely matched that obtained in WT slices treated with either thapsigargin or ryanodine. Importantly, these same treatments were devoid of any effect on high-frequency train responses induced in LMO4 KO slices. Altogether, these data add to and support those obtained on the behavior of the AHP in CA3 neurons and outline a robust deficit of CICR in neurons devoid of LMO4.
It is striking to note that synaptic release phenotypes highly analogous to those we show here in LMO4 KO mice have recently been reported to occur in presenilin 1 and 2 double knock-out mice (Zhang et al., 2009) . A GeoProfile report (GDS787/98122_ at/Lmo4/Mus musculus) indicates that the expression of LMO4 is dramatically reduced in the forebrain of these double knockout mice (Beglopoulos et al., 2004) whereas our qPCR analysis, conversely, showed that presenilin 1 and 2 expression in hippocampus was not altered in LMO4 KO mice (data not shown). Although in need of formal support, these findings collectively raise the intriguing possibility that, at least in part, the deficiency associated with presenilin deletion might actually be secondary to reduced LMO4 expression and thereby implicate LMO4 in the etiopathology of Alzheimer's disease. Along this line, decreased expression of LMO4 in the entorhinal cortex and in the hippocampal region was reported in nonfamiliar Alzheimer's disease brains, and this reduction was correlated with the amount of neurofibrillary tangles, degenerating neurons, the severity of senile plaque deposition, and an increase in ␤-amyloid (Leuba et al., 2004) . Altogether, our study shows that important neuronal and synaptic mechanisms relying on CICR are tightly controlled by LMO4 as early as 1 month of age. Because dysregulated calcium homeostasis and compromised synaptic function precede histopathological manifestations of neurodegeneration (Oddo et al., 2003; Rowan et al., 2003) , it will be important to determine whether dysregulated LMO4 function or expression might contribute to the progression of Alzheimer's disease.
